Polyploid formation is a major mode of sympatric speciation in flowering plants. Unlike other speciation processes, polyploidization is often assumed to confer instant reproductive isolation. Shared polymorphism across ploidy levels has therefore often been attributed to multiple polyploid origins, whereas the alternative hypothesis of introgressive hybridization has rarely been rigorously tested. Here, we sequence 12 nuclear loci representing 6 genes duplicated by polyploidy in 92 accessions of the tetraploid Capsella bursa-pastoris together with the corresponding loci in 21 accessions of its close diploid relative Capsella rubella. In C. bursa-pastoris accessions from western Eurasia, where the 2 species occur in partial sympatry, we find higher levels of nucleotide diversity than in accessions from eastern Eurasia, where C. rubella does not grow. Furthermore, haplotypes are shared across ploidy levels at 4 loci in western but not in eastern Eurasia. We test whether haplotype sharing is due to retention of ancestral polymorphism or due to hybridization and introgression using a coalescent-based isolation-with-migration model. In western but not in eastern Eurasia, there is evidence for unidirectional gene flow from C. rubella to C. bursa-pastoris. An independent estimate of the timing of dispersal of C. bursa-pastoris to eastern Eurasia indicates that it probably predated introgression. Our results show that polyploid speciation need not result in immediate and complete reproductive isolation, that postpolyploidization hybridization and introgression can contribute significantly to genetic variation in a newly formed polyploid, and that divergence population genetic analysis constitutes a powerful way of testing hypotheses on polyploid speciation.
Introduction
Polyploid formation is a major mode of sympatric speciation in flowering plants. It is often regarded as a special form of ''instant speciation'' whereby the newly formed polyploid immediately becomes reproductively isolated from its progenitor species (Coyne and Orr 2004; Linder and Rieseberg 2004; Mallet 2007) . Instantaneous reproductive isolation is expected to occur because of the reduced fertility suffered by hybrids with an uneven number of chromosome complements. However, triploid plant hybrids are often not completely sterile but can form a ''triploid bridge'' that allows gene flow across ploidy levels (Ramsey and Schemske 1998; Petit et al. 1999; Anamthawat-Jónsson 2003; Husband 2004; Henry et al. 2005; Henry et al. 2007) .
With the advent of molecular markers, it became clear that polyploid speciation is often more complex than initially thought (Soltis DE and Soltis PS 1993) . In many polyploid species, studies using molecular markers led to the conclusion that the polyploid probably originated multiple times (reviewed in Soltis PS 1993, 1999; Soltis PS and Soltis DE 2000) . Because a single origin of a polyploid is an extreme bottleneck, multiple origins have been invoked to explain findings of shared polymorphism across ploidy levels and/or phylogenetic incongruence between loci (see e.g., Segraves et al. 1999; Trewick et al. 2002; Vanichanon et al. 2003) . However, although such patterns could also be explained by introgression (Petit et al. 1999) , this has rarely been rigorously tested. Thus, it is not clear whether gene flow across ploidy levels is a regular occurrence following polyploid speciation.
Much progress has recently been made in speciation genetics (Noor and Feder 2006; Becquet and Przeworski 2007; Hey and Nielsen 2007; Hobolth et al. 2007; Putnam et al. 2007 ). Formal models of speciation, such as the isolation and isolation-with-migration models, based on the coalescent process, have been developed to provide a statistically sound basis for inferences on speciation processes Nielsen and Wakeley 2001) . These models are useful for determining whether shared polymorphism species is likely to be due to retention of ancestral polymorphism or result from introgression.
The isolation model describes the expected number of shared and fixed DNA polymorphisms in 2 populations derived from an ancestral population without subsequent gene flow . The isolation-with-migration model is an extension of the isolation model, where the descendant populations may be connected by gene flow after the split. Using a Markov chain Monte Carlo method, estimation of key speciation parameters such as rates of gene flow, present and ancestral effective population sizes, and the time of speciation can be obtained in a maximum likelihood or Bayesian framework (Nielsen and Wakeley 2001) . Recently, the isolation-with-migration model has been extended to allow analysis of multiple unlinked loci and to permit population size changes (Hey 2005) , making it a flexible framework for studies of speciation or divergence population genetics. These models have been used extensively to study speciation processes in Drosophila (Wang et al. 1997; Machado et al. 2002; , cichlids , primates Thalmann et al. 2007) , and plants such as Arabidopsis (Ramos-Onsins et al. 2004) , wild rice (Oryza; Zhang and Ge 2007) , and wild tomatoes (Solanum; Städler et al. 2008) .
Here, we apply the isolation-with-migration model to study polyploid speciation in the genus Capsella (Brassicaceae). Capsella is one of the genera most closely related to Arabidopsis thaliana (Koch et al. , 2001 . It is a small genus, currently recognized as containing only 3 species: the tetraploid Capsella bursa-pastoris and the 2 diploids Capsella rubella and Capsella grandiflora (Hurka and Neuffer 1997) . The predominantly selfing C. bursa-pastoris, or Shepherd's Purse, has a worldwide distribution, which is at least partly anthropogenic; it is found on all continents and thrives in a wide range of climates, except in the humid tropics (Hurka and Neuffer 1997) . The diploids, by contrast, have more limited geographical distributions: C. rubella, also a selfer, is found only in central-southern Europe, whereas C. grandiflora, an outcrosser, is limited to northern Greece and Albania (Chater 1993; Hurka and Neuffer 1997) .
Capsella bursa-pastoris has disomic inheritance and a level of divergence between duplicate nuclear homoeologous loci of 1.4-4.3%, which suggests an allopolyploid origin (Slotte et al. 2006 ). It does not seem to be an allopolyploid of C. rubella and C. grandiflora, as C. bursa-pastoris sequences for 3 independent nuclear homoeologous genes do not cluster with either C. rubella or C. grandiflora sequences (Slotte et al. 2006 ). However, some C. bursa-pastoris accessions from Europe and North America harbor haplotypes highly similar or identical to those found in C. rubella at one of the homoeologs of these 3 unlinked nuclear loci (Slotte et al. 2006) . No such haplotype sharing has been found at any chloroplast loci (Ceplitis et al. 2005; Slotte et al. 2006) . Two possible explanations for the presence of C. rubella haplotypes in the C. bursa-pastoris nuclear gene pool are 1) that they represent ancestral polymorphisms retained in C. bursa-pastoris, which is more likely if the species arose more than once from an ancestor possessing C. rubella-like alleles or 2) that they result from introgression from diploid C. rubella into tetraploid C. bursa-pastoris. We were previously unable to distinguish between these hypotheses because we only analyzed a few nuclear gene sequences from a small number of C. bursa-pastoris accessions.
Here, we have sequenced a total of 6 effectively unlinked pairs of nuclear homoeologous loci in 92 accessions of C. bursa-pastoris sampled in western and eastern Eurasia. In addition, we have obtained sequences for the corresponding 6 loci in 21 C. rubella accessions sampled throughout the species range in Europe. We compare patterns of haplotype sharing and nucleotide diversity in western Eurasia, where C. bursa-pastoris and C. rubella occur in partial sympatry, with those in eastern Eurasia, where C. rubella does not grow. In order to distinguish between retention of ancestral polymorphism due to multiple polyploid origins and postpolyploidization introgression as the cause of haplotype sharing, we employ coalescent-based divergence population genetic analyses to quantify gene flow across ploidy levels. Using an isolation-with-migration model, we obtain estimates of the time and extent of gene flow between C. rubella and C. bursa-pastoris as well as of the direction and time of the worldwide spread of C. bursa-pastoris. Our results show that polyploid speciation need not result in complete reproductive isolation, that postpolyploidization hybridization and introgression may contribute significantly to genetic variation in a newly formed polyploid, and that divergence population genetic analyses constitute a powerful way of testing hypotheses on polyploid speciation.
Material and Methods Samples
We obtained seeds from 92 accessions of the tetraploid C. bursa-pastoris, 50 from Europe, the Middle East, and North Africa (here called ''western Eurasia'' for brevity), and 42 from eastern Eurasia (mainland China and Taiwan) and from 21 accessions of the diploid C. rubella sampled throughout its range in Europe ( fig. 1, supplementary level was done by cell flow cytometry on fresh leaf tissue, carried out by Plant Cytometry Services (Schijndel, The Netherlands) as described in Slotte et al. (2006) to verify that C. bursa-pastoris accessions were tetraploid and that all C. rubella accessions were diploid. Genomic DNA was extracted from fresh or frozen leaf material using the QIAGEN Dneasy Plant Kit (Qiagen, Hilden, Germany).
Polymerase Chain Reaction Amplification and Sequencing
We selected 6 genes, Alcohol dehydrogenase (Adh), flowering locus C (FLC), frigida (FRI), cryptochrome 1 (CRY1), luminidependens (LD), and pistillata (PI), that are single copy and effectively unlinked (i.e., situated on separate chromosomes or separated by more than 3 Mb) in A. thaliana. Due to the high conservation of gene content between A. thaliana and C. rubella (Ac xarkan et al. 2000; Boivin et al. 2004) , such genes are likely to be single copy in the diploid C. rubella and to be found in 2 copies duplicated by polyploidy, homoeologs, in the tetraploid C. bursa-pastoris.
We amplified and sequenced from ;400 bp to 1 kbp of each gene in C. rubella and of both homoeologs of each gene in C. bursa-pastoris, which gave a C. rubella data set of 6 nuclear loci (;3.5 kb per accession) and a C. bursapastoris data set of 6 homoeologous duplicate nuclear loci or 12 loci in total (;7 kb per accession). For Adh, PI, and LD, we used primers and protocols described in Slotte et al. (2006) to amplify each locus in C. rubella and for specific amplification of each homoeolog in C. bursa-pastoris. For CRY1, FLC, and FRI, we developed new sets of amplification primers as described in Slotte et al. (2006) . Oligonucleotide primers and protocols for amplification of CRY1, FLC, and FRI in C. rubella and C. bursa-pastoris are given in supplementary methods (Supplementary Material online) . Because all C. bursa-pastoris sequences analyzed in this study were amplified using homoeolog-specific primers and were sequenced directly, we avoided sequence artefacts resulting from cloning of heterogeneous polymerase chain reaction products (Cronn et al. 2002) . For each accession and homoeolog, a single sequence was retrieved, as expected in predominantly selfing species. Details on sequencing and sequence editing are given in supplementary methods (Supplementary Material online). Sequences are deposited in GenBank under accession numbers: EF683687-EF684898. Outgroup sequences were from Arabidopsis lyrata or A. thaliana (GenBank accession numbers: Adh, AM419896; CRY1, NM_116961; FLC, AY769865; FRI, AM419884; LD, AM180119; and PI, AF143382).
Basic Population Genetic Analyses
To quantify levels of diversity, we used 2 estimators of the population mutation parameter per nucleotide site h54N e u (with N e the effective population size and u the mutation rate), Tajima's estimator p (Tajima 1983) , and Watterson's estimator h w (Watterson 1975 ). In addition, we obtained an estimate of haplotype diversity. Nucleotide diversity estimates for C. bursa-pastoris samples from eastern and western Eurasia were compared using a paired Wilcoxon signed-rank test. Divergence between homoeologous loci in C. bursa-pastoris and between each of these and C. rubella was quantified as D xy , the average number of nucleotide substitutions per site between homoeologs (Nei 1987) and K Sil , the number of substitutions per silent (noncoding or synonymous) site, with Jukes-Cantor (Jukes and Cantor 1969) correction. For all the above estimates and neutrality tests, we used DnaSP V. 4.10.9 (Rozas et al. 2003) . Sites containing indels were excluded from all analyses.
The isolation-with-migration model assumes that sites are evolving neutrally and that there is no intralocus recombination (Nielsen and Wakeley 2001) . We found no evidence for intralocus recombination using either the estimated minimum number of recombination events of Hudson and Kaplan (1985) in DnaSP or the nonparameteric likelihood permutation test (McVean et al. 2002) in LDHat V. 2.0 (data not shown), and we assessed between-locus linkage disequilibrium using r 2 . To test whether the frequency spectrum of polymorphisms deviated from neutral expectations, we calculated Tajima's D (Tajima 1989) and Fu and Li's D (Fu and Li 1993) with an outgroup and determined significance by 1,000 coalescent simulations conditional on our estimate of h w and assuming no recombination. Tajima's D estimates were compared across geographical regions using a Wilcoxon signed-rank test. To test for gene conversion between homoeologous loci, we used Sawyer's test (Sawyer 1989 ) with significance based on global permutation P values (10,000 permutations), as implemented in GENECONV V. 1.81 (http://www.math.wustl.edu/;sawyer/geneconv/index.html).
Divergence Model and Parameter Estimation
The isolation-with-migration model (Nielsen and Wakeley 2001 ) was used 1) to test whether introgressive hybridization could explain patterns of haplotype sharing between C. bursa-pastoris and C. rubella and 2) to characterize the phylogeographic history of C. bursa-pastoris.
Tests of introgressive hybridization were done separately on 2 data sets containing C. rubella sequences and sequences from either eastern or western Eurasian C. bursa-pastoris accessions. For each gene, we only included the C. bursa-pastoris homoeolog that was the least divergent from C. rubella when testing for introgression. These homoeologs are henceforth termed ''A-homoeologs'' following Slotte et al. (2006) and the more divergent ones are termed ''B-homoeologs.'' The isolation-with-migration model assumes that the populations or species sampled have not been exchanging genes with other unsampled populations since the split from an ancestral population. The effect of unsampled populations is to give inflated estimates of the ancestral population size (Beerli 2004) . Including both homoeologous C. bursa-pastoris loci for each investigated gene would violate this model assumption if the species is an allopolyploid. To assess the phylogeographic history and to obtain an independent estimate of the direction and timing of dispersal of C. bursa-pastoris, we analyzed a data set consisting of B-homoeolog sequences from both geographical samples of C. bursa-pastoris.
An isolation-with-migration model that was extended to allow population size changes ( fig. 2) (Hey 2005 ) was used to test whether our sequence data were indicative of introgression from C. rubella to C. bursa-pastoris. The model has 7 parameters (not italicized in fig. 2 ), namely the current effective population sizes of each descendant population (N 1 and N 2 ), the ancestral effective population size (N A ), 2 migration rate parameters (m 1 and m 2 ), a population splitting parameter (s), which accounts for the proportion of the ancestral population that founded each descendant population, and the time since population splitting (t). The splitting parameter is especially useful here, because the formation of a tetraploid is expected to constitute a bottleneck, and this can be modeled in the isolationwith-migration framework. To assess the phylogeographic history of C. bursa-pastoris, we used the standard 6-parameter isolation-with-migration model without population size change in order to reduce the number of estimated parameters.
Estimates of the parameters in the isolation-withmigration model, scaled by the mutation rate (t5 t/u, q1 5 4N 1 u, q2 5 4N 2 u, qA 5 4N A u, m1 5 m 1 /u, m2 5 m 2 /u; fig.2 ), are obtained using a Markov chain Monte Carlo method, given a set of priors and genetic data from a sample of the 2 populations or species of interest (Nielsen and Wakeley 2001) . The method is implemented in the software IM (http://lifesci.rutgers.edu/;heylab/HeylabSoftware.htm#IM). We used a single pair of migration rate parameters for all loci. Upper bounds for the scaled population mutation rate priors, the migration rate priors, and the prior for the scaled time since population splitting were empirically obtained, after preliminary runs using higher upper bounds on the priors.
For analyses using the IM model extended to allow population expansion, we used identical, uniform priors with an upper bound of 10 for all 3 scaled population mutation rates and we used uniform priors with an upper bound of 5 for both migration rate parameters. The upper bound for the population splitting parameter was set to 0.5, to reflect the fact that the origin of a polyploid is likely to constitute a bottleneck, while still allowing for multiple origins. The time since the split between C. bursa-pastoris and C. rubella, estimated from noncoding cpDNA divergence (Slotte et al. 2006) , and assuming a mutation rate of 2.9 Â 10 À9 (Säll et al. 2003 ) occurred about 1.5 MYA. Rescaling this time in units of the geometric mean mutation rate of the loci used in this study (see below) gives an estimate of the scaled time since the split, t of about 3.5. The upper boundary for the prior on t was set to 10 (about 4.3 MYA), to accommodate a range of biologically realistic values of t. Qualitatively similar results were obtained with an upper bound of 15 (about 6.5 MYA) for t. Analyses with the standard IM model had priors identical to those described above except that the upper bound of the migration rate parameters was 10 instead of 5. The infinite sites mutation model was used in all IM analyses.
For each data set, 3 separate analyses with different starting points were run, each using 15 Metropolis-coupled Markov chains that varied over a range of heating values, using a geometric heating scheme. Analyses were run with a burn-in of 500,000 steps and were continued until the effective sample size estimate for all model parameters was greater than 50. The marginal posterior probability density was recorded as a histogram with 1,000 equally sized bins, and the peaks of the distributions were taken as estimates of the parameters. Probability densities were compared across independent runs to check for convergence. As a credibility interval, we obtained the 90% highest posterior density (HPD) interval that is the shortest span that contains 90% of the posterior probability. During each run, we recorded the distribution of the times and the number of migration events for each locus.
Parameter Scale Conversion
To obtain estimates of model parameters in demographic units, the geometric mean of the per-gene mutation rate per year for the analyzed loci must be provided. As the mutation rate for nuclear genes is not known in this set of species, we assumed a substitution rate of 6.5 Â 10 À9 (Wolfe et al. 1987; Wright et al. 2003 ) as a lower boundary for the mutation rate and the synonymous substitution rate of 1.5 Â 10 À8 per site per generation (Koch et al. 2001 ) as an upper boundary, and used the mean of these 2 estimates to calculate per-gene mutation rates. Because both C. rubella and C. bursa-pastoris are annuals (Chater 1993 ), the mutation rates per year and per generation are equal. Per-gene mutation rates were obtained by multiplying the per-site synonymous substitution rate by the number of silent sites at each locus. , and the population splitting parameter (s), which is only included in models that allow for population size change. All parameters are scaled by u, the geometric mean of the per-locus mutation rate. As in Hey (2005) , the migration parameter arrows indicate the source of migrants in the coalescent sense, moving backward in time. Therefore, m1 corresponds to gene flow from population 2 to population 1 forward in time in this figure.
Results
We obtained a total of about 720 kb of DNA sequence data from 6 pairs of duplicate nuclear loci in 92 C. bursapastoris accessions from eastern and western Eurasia, and for the corresponding 6 loci in 21 C. rubella accessions from Europe ( fig. 1, supplementary table 1 , Supplementary Material online).
Mean nucleotide diversity (p) of C. bursa-pastoris was an order of magnitude higher in western than in eastern Eurasia (2.5 Â 10 À3 vs. 2.2 Â 10 À4 ) and the difference was significant (Wilcoxon signed-rank test V 5 7.5, P5 0.015). Estimates of p ranged from 0 to 0.012 across loci and values of Watterson's estimate of the population mutation rate, h w , ranged from 0 to 0.006 (table 1, supplementary table 2 , Supplementary Material online). In the C. bursa-pastoris sample from western Eurasia, there were a total of 34 genotypes, whereas 19 genotypes were found in the sample from eastern Eurasia. In our smaller sample of 21 C. rubella accessions, there were 9 genotypes. The total number of haplotypes observed at each locus in C. bursa-pastoris ranged from 2 (for CRY1 B) to 6 (for FRI A), excluding indels (see supplementary table 2, Supplementary Material online for numbers of haplotypes per locus and region). We found haplotype sharing between C. bursa-pastoris and C. rubella in western but not in eastern Eurasia. In samples from western Eurasia, C. bursa-pastoris accessions shared haplotypes with C. rubella at one of the homoeologs of 4 nuclear genes: Adh, CRY1, LD, and PI. For each of these genes, this C. bursa-pastoris homoeolog was also the least divergent from C. rubella in the C. bursa-pastoris sample from eastern Eurasia (supplementary table 3, Supplementary Material online). In western Eurasia, shared haplotypes were found in frequencies ranging from 12% to 30% (Adh A: 0.24, CRY1 A: 0.30, LD A: 0.18, PI A: 0.12; see Material and Methods for naming of homoelogous loci). For several loci, these haplotypes were present in C. bursa-pastoris accessions north of the current C. rubella range in Europe (supplementary figure S1, Supplementary Material online). Distributions of Tajima's D values in western and eastern Eurasian samples of C. bursa-pastoris were significantly different (V 5 2, P5 0.023) with values ranging from À1.58 to 2.94 in the former and only negative values, ranging from À 1.48 to À0.41, in the latter (supplementary table 2, Supplementary Material online).
The isolation-with-migration model assumes independence of loci, no intralocus recombination, and selective neutrality. Linkage disequilibrium between putatively unlinked loci was low, with mean r 2 values between loci of 0.03 and 0.07 in C. bursa-pastoris from eastern and western Eurasia, respectively, and 0.12 in C. rubella. We found no evidence of intralocus recombination based on the minimum number of recombination events (Hudson and Kaplan 1985) or the nonparameteric likelihood permutation test (McVean et al. 2002) (not shown). However, there was evidence for gene conversion between PI homoeologs (GENECONV global score 5 3.431, P5 0.019) in C. bursa-pastoris from western Eurasia. Tajima's D was also significantly positive for PI B in C. bursa-pastoris from western Eurasia (D Tajima 5 2.94, P , 0.001), possibly as a result of gene conversion. Because of these violations of model assumptions, PI was excluded from all analyses using the isolation-with-migration model. Apart from PI, only one other gene, FRI, deviated significantly from neutrality (table 1, supplementary table 2 , Supplementary Material online). Signs of selection were found for this gene in C. rubella, for FRI B in western Eurasia, and for FRI A in eastern Eurasia. To assess whether this had a substantial effect on the results, all isolation-with-migration analyses were run both with and without FRI. The main aim of this study was to test whether haplotype sharing between C. rubella and C. bursa-pastoris is best explained by retention of ancestral polymorphism or by introgression. To answer this question, we analyzed data for 5 nuclear loci, Adh A, CRY1 A, FLC A, FRI A, and LD A using a coalescent-based isolation-with-migration model that allows population size change and thus constitutes a realistic scenario for polyploid speciation ( fig. 2) . Our prediction was that, if haplotype sharing between C. rubella and C. bursa-pastoris is only due to retention of ancestral polymorphism, then estimates of gene flow between these species should be zero. If, on the other hand, hybridization and introgression have occurred, then some estimates of gene flow between species should be nonzero. Indeed, we found the latter to be true. In western Eurasia, where C. bursa-pastoris and C. rubella are partially sympatric and share haplotypes at 3 of the analyzed loci, there was evidence for unidirectional gene flow from C. rubella to C. bursa-pastoris ( fig. 3, table 2) . In eastern Eurasia, where C. rubella is absent, there was no evidence for gene flow in either direction ( fig. 3, table 2 ). Analyses of both geographical samples supported a scenario where the origin of the tetraploid C. bursa-pastoris constituted a severe bottleneck (table 2, supplementary figure S2, Supplementary Material online), after which the species underwent a strong population expansion to a current effective population size of about 30,000 (table 2). The mode of the marginal posterior probability density for the time since the split (t) between C. rubella and C. bursa-pastoris was located at about 1.2 MYA in analyses of the eastern Eurasian sample, but the probability of observing higher values of t remained high (supplementary figure S2, Supplementary Material online) . The time of the split was poorly resolved in analyses of the western Eurasian sample, where marginal posterior probabilities were low for very recent values of t (less than about 500 ka) and higher but unresolved for higher values of t (supplementary figure S2, Supplementary Material online) . Because no credibility intervals are available for the time since the split, these estimates should be viewed with caution. Results from analyses without FRI A were qualitatively similar to results from analyses with all 5 loci (not shown).
We assessed the timing and extent of gene flow from C. rubella to C. bursa-pastoris in western Eurasia in all isolation-with-migration analyses. The posterior probability distribution for migration times and numbers differed between loci where haplotypes were shared between C. rubella and C. bursa-pastoris (Adh A, CRY1 A, and LD A) and loci where no haplotype sharing was found (FLC A and FRI A) (supplementary figure S3, Supplementary Material online). For Adh A, CRY1 A, and LD A, the highest probability was obtained for 2 migration events, whereas for FRI A and FLC A the estimated number of migration events was 1 (supplementary figure S3, Supplementary Material online). Loci with shared haplotypes had a bimodal posterior probability distribution of migration times with a major, sharp peak located at about 10.8-19.4 ka, and a subsidiary, much flatter peak at 300-500 ka ( fig. 4; supplementary figure S3 , Supplementary Material online). Probability distributions of migration times for FRI A and FLC A only had one minor, flat peak at around 500 ka (supplementary figure S3, Supplementary Material online). All probability distributions were clearly different from the priors (supplementary figure S3, Supplementary  Material online) .
To obtain an independent estimate of the timing and direction of worldwide dispersal of C. bursa-pastoris, we analyzed C. bursa-pastoris sequence data for the 5 Bhomoeologs (Adh B, CRY1 B, FRI B, FLC B, and LD B) using the standard isolation-with-migration model. This analysis gave somewhat lower estimates of the effective population size of C. bursa-pastoris, although the 90% HPD intervals overlapped with those obtained from the A-homoeologs (table 2) . Consistent with previous hypotheses on the origin and spread of C. bursa-pastoris (Hurka and Neuffer 1997) , there was some evidence for gene flow from western to eastern Eurasia ( fig. 3, table 2 ). All 5 loci had posterior probability distributions that clearly differed from the priors, and the estimated time of gene flow ranged from 21 to 64 ka ( fig. 4, supplementary figure S3 , Supplementary Material online). For Adh, CRY1, and LD, but not for FRI and FLC, the major peak in the probability distribution for the time of gene flow from western to eastern populations of C. bursa-pastoris predated the estimated time of introgression (fig. 4, supplementary figure S3 , Supplementary Material online). Posterior probability distributions for the time since population splitting and the ancestral population size were flat and uninformative, and results for analyses run without FRI B were qualitatively similar to those for all 5 loci (not shown).
Discussion
Distinguishing between introgression and retention of ancestral polymorphism as the cause for shared polymorphism across taxa has previously been difficult, but with the development of powerful new statistical models and analysis methods this is now an area open for investigation (Noor and Feder 2006; Hey and Nielsen 2007; Hobolth et al. 2007; Putnam et al. 2007 ).
Here, we have employed divergence population genetic analyses to distinguish between ancestral polymorphism and introgression as the primary cause for haplotype sharing between 2 closely related species, the tetraploid C. bursapastoris and the diploid C. rubella. We first compared patterns of polymorphism in 2 parts of the range of C. bursa-pastoris, western Eurasia, where the 2 species occur in sympatry, and eastern Eurasia, where C. rubella does not grow. In western but not in eastern Eurasia, haplotypes were shared between C. rubella and C. bursa-pastoris at one of the homoeologs of 4 nuclear genes. Shared polymorphism in sympatry but not in allopatry is usually considered a hallmark of introgressive hybridization, but because C. bursa-pastoris is believed to have originated in the near Middle East or the Balkans (Hurka and Neuffer 1997) , this pattern could also be due to retention of ancestral polymorphism, especially if the tetraploid arose more than once. However, our results support a scenario where the origin of the tetraploid constituted a severe bottleneck, after which C. bursa-pastoris underwent a population expansion and where introgressive hybridization with C. rubella explains haplotype sharing in western Eurasia (table 2, fig. 3 ). Hence, gene flow after polyploid speciation appears to be the primary cause of haplotype sharing between C. rubella and C. bursa-pastoris in western Eurasia. A narrow origin of the tetraploid C. bursa-pastoris is in agreement with a limited chloroplast diversity observed worldwide in C. bursa-pastoris, both for noncoding sequence data (Slotte et al. 2006 ) and for chloroplast microsatellites (Ceplitis et al. 2005) , and with the low levels of diversity at nuclear genes observed in this study.
A scenario involving gene flow between C. rubella and C. bursa-pastoris may seem highly unlikely because both species are currently predominantly selfing, have different ploidy levels and may differ in flowering time. However, the flowering time distributions overlap in 3 of 4 mixed populations studied so far (Neuffer and Eschner 1995) . Also, neither species seems to be a strict selfer, and estimates of outcrossing rates in C. bursa-pastoris range from 0% to 12% (Hurka and Neuffer 1997) . In general, outcrossing rates can vary over time depending on environmental conditions (Kalisz et al. 2004) . The 2 species can currently be found in mixed populations and sometimes hybridize, but the triploid hybrids are highly sterile when selfed (Shull 1929; Keble-Martin 1986; Chater 1993) . Past conditions could, however, have been more conducive to gene flow across ploidy levels, as changes in temperature (e.g., sudden cold spells) can lead to increased production of unreduced plant gametes (Ramsey and Schemske 1998; Otto and Whitton 2000) . Sporadically occurring autotetraploid C. rubella may also have facilitated gene flow between these species.
For each locus analyzed, only a few, quite recent introgression events are sufficient to explain the observed pattern of polymorphism. The timing of these events is necessarily coarse and dependent on model specifics and mutation rate assumptions. However, the general time frame suggests that hybridization and introgression could have taken place during or after the last glacial maximum (ca. 18 ka). The fact that C. rubella haplotypes are found in C. bursa-pastoris accessions north of the current C. rubella range supports the view that introgressive hybridization took place before postglacial recolonization of northern Europe. However, the range of C. rubella may also have extended further north during periods with more favorable climatic conditions (such as the mid-Holocene thermal optimum, about 9,000-5,500 BP [Roberts 2000]) .
Results also indicated that gene flow between C. rubella and C. bursa-pastoris was unidirectional; together with the lack of haplotype sharing between C. bursapastoris and C. rubella found at cpDNA loci (Ceplitis et al. 2005; Slotte et al. 2006) , this implies that gene flow between these species was pollen mediated. Asymmetries in reproductive isolation among plant species are common and taxonomically widespread (Tiffin et al. 2001) . However, in the absence of experimental data on triploid hybrid fertility in reciprocal backcrosses, loss of shared chloroplast haplotypes by drift remains a possibility in Capsella.
In our sample of C. bursa-pastoris accessions from eastern Eurasia (mainland China and Taiwan), no haplotypes were shared with C. rubella, and consistent with this, divergence population genetic analyses indicated no gene flow across ploidy levels in eastern Eurasia. The lack of shared haplotypes in eastern Eurasia despite their presence at moderately high frequencies in western Eurasia suggests that C. bursa-pastoris may have spread to eastern Eurasia before hybridization and introgression took place in western Eurasia. Indeed, the timing of migration events supported such a scenario for all genes where C. bursa-pastoris shared haplotypes with C. rubella. The consistently negative values for Tajima's D retrieved for all loci in this sample indicate that a demographic process such as a founder event followed by population expansion may have affected genetic variation in this region. A scenario where C. bursa-pastoris originated in the Middle East and subsequently spread both eastwards to Asia and westwards to Europe, where introgressive hybridization with C. rubella took place, is in agreement with this analysis.
It is important to address possible violations of the isolation-with-migration model assumptions in this study. First, the assumption of independence of loci could be violated, if selfing leads to the buildup of linkage disequilibrium between unlinked loci. However, in both C. rubella and C. bursa-pastoris, linkage disequilibrium between loci was low, indicating that unlinked loci are indeed independent. Second, the assumption of panmixia could be violated if selfing leads to high population structure. In our case, however, we conducted minimal within-deme sampling, to alleviate biases due to population structure (Wakeley 2000) . It is possible that some of our estimates, for example those of divergence times, are affected by this deviation, however, the qualitative conclusions on gene flow should be less likely to be affected. Furthermore, it is unclear how violation of this modeling assumption could produce the geographical pattern of haplotype sharing in partial sympatry but not in allopatry that we observed. Finally, uncertainty about the ancestry of homoeologous genes in C. bursa-pastoris could lead to a violation of the IM assumption of no gene exchange with unrelated taxa. This is a general problem for analyses of closely related species, where well-resolved phylogenies may not be available due to the nontrivial probability of incongruence between gene trees and species trees for recently diverged taxa (e.g., Pamilo and Nei 1988; Takahata 1989; Rosenberg 2002) . Clearly, there is a need for development of new coalescent-based analysis methods for multiple species or populations that can incorporate gene flow. Although violating this model assumption can lead to an upward bias for ancestral population sizes, migration rate estimates have been shown to be fairly robust (Beerli 2004) , and therefore our gene flow estimates should not be very sensitive to this assumption.
Divergence population genetic analyses are increasingly being used to assess gene flow between and within diploid species. In this study, we have used an extension of the isolation-with-migration model (Hey 2005 ) that allows the specification of a set of parameters to create a realistic framework for polyploid speciation. Our results show that gene flow from the diploid C. rubella had a significant impact on genetic diversity in tetraploid C. bursapastoris. This study demonstrates the power of divergence population genetic analyses for distinguishing between competing hypotheses on polyploid speciation.
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